The objective of this study was to determine whether digesta kinetics, energy intake (EI, kcal ME intakeؒkg −.75 ؒd −1
Introduction
There appears to be both a physiological and behavioral basis for using Bos indicus cross cattle in hot climates with respect to lower fasting heat production (Frisch and Vercoe, 1984) , lower body temperature (Finch, 1984) , and more time spent grazing (Bennett et al., 1985; Forbes et al., 1991) . Part of the lower fasting heat production observed for Bos indicus cattle may be related to less metabolic and fermentation heat being generated by a smaller gastrointestinal tract (Ferrell, 1988; Webster, 1991 
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and comparable (P > .26) late afternoon rectal temperatures compared with BA and TA. With data pooled over both grazing trials, BA cattle had the smallest CM2 (P < .01), and in ES they spent the least amount of time in the shade (P < .001). The TA spent more time in the shade than did BA (P < .001) during ES and less during LS (P < .001) and had similar (P > .28) early morning rectal temperatures compared with BA during ES and LS. During LS, TA spent more time in the sun and less time in the shade than did either A or BA (P < .001). During ES, EI did not differ among breeds (P > .50). During LS, EI for lactating A was greater than for BA and TA (P < .05), and EI for nonlactating BA was less than for A and TA (P < .05). Bite rate per minute for lactating cattle during ES was reduced (P < .03) by increased body condition score. Tuli × Angus cattle appear to be comparable to BA with respect to heat adaptation. It appears that EI demands are greater in a hot environment.
body temperature, grazing behavior, or digesta kinetics for Bos indicus vs Bos taurus cattle, but few have examined more than one of these characteristics in the same experiment. Recently, semen from tropically adapted cattle of mostly Bos taurus influence with breed origins in Africa (Tuli) has been used in the United States in an attempt to improve heat adaptation while simultaneously improving carcass characteristics. The objective of this experiment was to determine whether digesta kinetics, energy intake (EI, kcal ME intakeؒkg cow weight −.75 ؒd −1
), grazing behavior, or rectal temperature differed by breed, lactational state, or season of the year among cattle presumed to vary in adaptability to the subtropics.
Materials and Methods

Animals
This research was conducted at the George Lyles Ranch 24 km southwest of the Uvalde Research and Extension Center, Uvalde, TX. Two-year-old lactating and nonlactating Brahman × Angus (BA; n = 5, n = 5), Tuli × Angus (TA; n = 5, n = 4), and Angus (A; n = 4, n = 4) cows were allotted by breed and lactational state to six 6-ha Kleingrass (Panicum coloratun L.) pastures during both early and late summer. The year preceding calving, all cattle were pasture-exposed to Hereford bulls during the breeding season. Nonlactating cattle used in this study (with the one exception noted below) did not conceive as yearling heifers during the preceding breeding season.
The Angus cattle used in this research were selected from a local private herd that has been largely closed with continuous priority of selection for reproduction by one family for about 50 yr. This particular herd was selected as the source for experimental animals because of the possibility of long-term adaptation of these cattle to the hot, dry conditions of southwestern Texas. The TA and BA cows were created by artificial insemination of Angus cows selected from this herd.
The early summer trial was conducted from July 18 to 28 (d 106 of lactation), and maximum ambient temperatures exceeded 36°C in the shade. The late summer trial was from September 12 to 22 (d 161 of lactation), and maximum ambient temperatures exceeded 32°C in the shade. Breeds allotted to separate pastures were separated by unstocked pastures to minimize social contact between breeds that could influence behavioral data. Each experimental pasture was 472 m long with water on one end and had a 2-m high, 7-× 3-m frame with 80% dairy shade cloth (Donovan Enterprises, Stuart, FL) on the other end of the pasture. Prior to initiation of the grazing trials, animals were acclimated to the Kleingrass forage for 14 d as one group in a pasture adjacent to experimental pastures. Immediately prior to each grazing trial acclimation period, all cattle grazed mixed brush native rangeland. One nonlactating TA was eliminated from late summer analyses after unexpectedly calving between grazing trials. Along with other cattle used in the experiment, this cow was checked for pregnancy by rectal palpation during the fall season preceding the experiment.
Digesta Kinetics
Fecal organic matter output (FOMO), passage rate, residence times, compartmental mass of undigested dry matter in the rumination compartment (CM1), and digestive system compartmental mass of undigested dry matter (CM2) were determined during both periods (July 18 to 21 and September 12 to 16) using YbCl 3 pulse-dosing techniques of Ellis et al. (1994) with modifications of Forbes et al. (1998) . The modification of Forbes et al. (1998) was that the collective mass of undigested dry matter for the two-compartment system (CMS) was estimated from the dilution of the dose from the turnover compartment (CM2 or dose/C 2 ). We prepared the Yb-marked forage in the same manner as did Forbes et al. (1998) but did not gavage the forage as they did. Instead, we administered a total dose of approximately 33 g of Yb-marked Kleingrass forage to each cow in six 42.6-g gelatin capsules. The actual dose of Yb administered during early summer was approximately 330 mg and during late summer was approximately 264 mg. The pulse-dose of Yb was administered to cattle 12 h before fecal sampling began at 0600 Central Daylight Time (July) or 0700 Central Daylight Time (September) the following day. Fecal samples were collected on the 1st d of sampling from daylight to dusk whenever an animal was seen defecating. On the 2nd and 3rd d, samples were collected at early morning, midday, and late afternoon. On the 4th d, samples were collected at midmorning and midafternoon. There was an average of 14 fecal samples obtained for each cow. All samples were collected without restraint of the free-ranging animals. The concentration of Yb per gram of fecal dry matter was determined using neutron activation analyses of ashed fecal material (Pond et al., 1985) . Background Yb in the forage base was determined for forage samples using neutron activation analyses and found to be inconsequential (1.3 g of Yb/g of forage DM for highest concentration).
Grazing Behavior
During the week following pulse-dosing of Yb (July 25 to 28 and September 19 to 22), daytime grazing, shading, and resting in sun (min/d) were observed and data were recorded at 5-min intervals by two observers stationed in two elevated platforms for 3-to 4-h shifts from first light to dusk. Resting in either the shade or sun was defined as the time an animal was not engaged in any type of major ambulatory activity. Cattle were either lying down, standing still, or shifting to a new position to remain in the shade. Bite rate (forage prehension bites/min) was determined over the last 3 d of pulse-dosing for all animals in each breed group by duplicate counts (minimum of 14 bites, goal of 20) for each sampling time, repeated twice for the first and last 2 h of daylight grazing time by three observers. Bite rates for each cow were averaged over all measurements to obtain average bite rate. Each observer was stationed in two adjacent breed pastures and rotated to two new breed pastures each day so that each cow's bite rate was the average of observations by three different individuals over three different days. During the forage acclimation period, cows were preconditioned to close human proximity over 9 d and were not nervous during subsequent recorded observations. In addition to observed grazing time, vibracorders (Lucas Kienzle Instruments Ltd., Argo Instruments, Winchester, VA) were used during two 6-d grazing bouts in each grazing trial to determine total time spent grazing and time spent grazing during the night. Cattle were preconditioned to these grazing clocks over 6 d preceding the initial early summer grazing trial. Additionally, cattle were allowed a 24-h grazing acclimation period each time that clocks were mounted to minimize effects upon grazing behavior caused by removal of cattle from grazing paddocks for processing. Data recorded were for 4 d in each of the duplicate grazing bouts occurring in early and late grazing trials. During the early summer grazing trial nine grazing clocks malfunctioned. Because this resulted in unacceptable sample size for breeds, grazing clock and related data (total grazing time, total nighttime grazing, harvest rate) were eliminated for early summer. During the late summer grazing trial, two cows had missing observations over 2 d during the first 4-d grazing bout and one cow had missing observations over 2 d during the second 4-d grazing bout. Also during late summer grazing, one clock malfunctioned for a lactating A and was excluded from analysis of data for clock measurements.
Other Measurements
Repeated rectal temperatures were determined with an electronic thermometer (Cole Parmer, Chicago, IL) over 2 d immediately preceding grazing trials at 0600 and 2000 Central Daylight Time in early summer and at 0800 and 1800 Central Daylight Time in late summer. In late summer, temperatures were also taken at the end of the trial due to a broken thermocoupler on one of the previous days. There were four and three temperature measurements during early and late summer, respectively. Heat accumulation by cattle was determined by subtracting early morning from late afternoon rectal temperatures. Cattle were gathered immediately prior to each rectal temperature determination, morning and evening, and shade was available within 250 m of the working corrals.
Hourly ambient temperature and humidity data were obtained with an automatic weather station (Campbell Scientific, Logan, UT) during both trials. For early summer, data were obtained at the Uvalde Research and Extension Center, 24 km northeast of the site. During late summer, data were obtained 400 m east of the site.
Unshrunk cow weights averaged over five weighings were obtained immediately preceding, on the 5th d of, and on the 1st d following both grazing trials. Frame scores from hip height (1 to 9, 9 = tallest; BIF, 1990) were obtained at the beginning of each grazing trial and averaged across grazing trials. Body condition scores (1 to 9; 9 = fattest; Richards et al., 1986) were obtained at the beginning and end of each grazing trial by two observers.
Forage Characteristics, Energy Intake, and Harvest Rate
Forage was clipped from within 10 random, .5-m 2 quadrant frames for each pasture at the beginning and end of each trial then separated into green and dead herbage, and herbage mass was determined. Digestibility of the clipped forage was estimated in vitro using the Ankom IV100 In Vitro Digester and F200 Fiber Analyzer (Ankom Co., Fairport, NY) and following the procedures of A. R. McElroy and D. Gregoire (personal communications) . Protein content of clipped forage was determined by the Kjeldahl technique (AOAC, 1980) . Organic matter digestibility (OMD) and crude protein of forage consumed by each animal were estimated by near infrared spectroscopy (NIRS) analyses Stuth, 1991, 1992; Lyons et al., 1993) of repeated fecal samples collected over 4 d during each grazing trial. Regression equations used by the Grazingland Animal Nutrition Laboratory at College Station to predict forage OMD and crude protein from fecal samples by NIRS analyses were developed during 10 validation trials at two different locations and included Kleingrass forage as a laboratory standard (Lyons and Stuth, 1992) . Seven additional trials, independent of the 10 original validation trials, were conducted to further validate the original NIRS prediction equations (Lyons et al., 1995) used by the Grazingland Animal Nutrition Laboratory. Organic matter intake (OMI) was estimated by dividing FOMO by the indigestibility (1 − OMD) of forage consumed as estimated from NIRS. The OMD as estimated by fecal NIRS samples was slightly greater (see below) than that estimated by in vitro procedures for clipped forage but made allowance for animal selectivity. Organic matter intake was expressed as grams OM/(kg BWؒd 
Statistical Analyses
The rate parameters related to digesta kinetics (λ 1 , k 2 , τ, and C 2 ) were estimated for each cow using the twocompartment, age-dependent, age-independent model (G2 → G1 → τ → 0) of digesta flow (Ellis et al., 1994) . These rate parameters are described briefly in Table 1 and more fully by Ellis et al. (1994) . The rate parameter estimates were estimated by fitting the two-compartment, gamma 2 residence time model described above to marker profiles in the feces using the DUD method of the NLIN procedure of SAS (1988) . Estimates of these parameters generated were then used for calculations of compartmental mass, residence times, turnover times, and daily output of undigested dry matter as shown in Table 1 . To account for differences in BW, CM1, CM2, and FOMO were expressed on a grams OM/ BW basis. These estimates of digesta flow, OMI, and EI were then analyzed by least squares procedures (SAS, 1988) with fixed main effects shown in Table 2 . Table 2 presents most least squares statistical models (SAS, 1988) used in data analyses. All main effects were fixed and no covariates were used in data analyses. The three-way interaction of breed × lactational state × grazing trial was included in most models to generate least squares means for each breed group and lactational state within grazing trial. In order to obtain least An age-independent rate parameter for escape from the slow turnover compartment, inferred to be escape from reticulorumen.
τ, h
The mean time spent in nonmixing segments of the gastrointestinal tract. C 2
The concentration that a marker achieves as the result of instantaneous mixing and dilution by the mass of digesta in the slower turnover compartment. Secondary CM2, g Compartmental mass of undigested organic matter in the ageindependent second compartment (turnover compartment) of the digestive system. Calculated by dose of marker/C 2 . CM1, g
Compartmental mass of undigested organic matter in the agedependent first compartment (rumination compartment) of the two-compartment system. Calculated by CM2ؒ(k 2 /(λ 1 ؒ.59635).
MCRT2, h
The mean time that marker remains in the faster turnover, mixing compartment (CM1). Calculated by 2/λ 1 .
MCRT1, h
The mean time that marker remains in the slower turnover, mixing compartment (CM2 Table 2 . Repeated measurements of cow weight, morning rectal temperature, and evening rectal temperature within grazing trial were averaged together, and cow weights, rectal temperatures, heat accumulation, frame score, and body condition score were analyzed as shown in Table 2 . Likewise, average OMD and crude protein of forage over 4 d as estimated by NIRS were analyzed as shown in Table 2 . Observed grazing behavior measurements of time spent in shade, time spent resting in sun, daytime grazing, and bite rate were averaged over days within grazing trial and analyzed according to Table 2 . Harvest rate and grazing clock measurements of nighttime grazing and total grazing time were averaged over days for the late summer grazing trial and analyzed by least squares procedures (SAS, 1988) with breed, lactational state, and breed × lactational state as fixed main effects. Statistical models for when time shading was initiated and terminated are not shown in Table 2 . These data were averaged over the 4 d within each grazing trial and analyzed using the same model used for grazing clock measurements. Least squares means were separated using unprotected least significant difference t-tests.
Potential biological relationships between phenotypic, behavioral, and digesta flow measurements were examined by simple linear regression, and if they were significant (P < .05) regression equations were calculated for these relationships and plotted against experimental data. Relationships that were only significant (P < .05) for lactating animals were calculated and plotted in the same manner. The dependent variables of early morning rectal temperature, bite rate, harvest rate, EI, and FOMO were tested against body condition score as the independent variable. The quadratic effect of body condition score was tested also for FOMO. Nighttime grazing and EI were regressed against early morning temperature, and nighttime grazing was also regressed against late afternoon rectal temperature. Compartmental mass of undigested dry matter (CM2 compartment) as an independent variable was evaluated against early morning rectal temperature. Simple linear regression models were further tested for interactions with the main effect of breed. If significant (P < .05) interactions were detected, regression equations for the full model with main effects, covariate, and the interaction were calculated and plotted against experimental data. Table 3 summarizes grazing trials according to initiation date, lactation stage of cattle, observed ambient temperature in the shade and relative humidity, forage characteristics, and herbage allowance. Maximum temperatures were larger in the early summer grazing period than in the late summer grazing period for all but 2 d (data not shown).
Results and Discussion
Characterization of Grazing Trials
Herbage available appeared adequate for all animals in the trial, exceeding 2,000 kg of DM/ha (Table 3) . There is some disagreement about what constitutes adequate available forage in order not to limit forage intake. Minson (1981) reported that at least 1,500 kg DM/ ha was required, whereas Huston and Pinchak (1991) set a value of 1,000 kg/ha for temperate native grasslands of North America, but cited higher values of 1,000 to 4,000 kg DM/ha for improved plant species. Green herbage mass in all paddocks during the early summer period exceeded 1,400 kg/ha (SD = 460 kg/ha) and averaged 347 kg/ha (SD = 233 kg/ha) during late summer Rectal temperature heat accumulation = PM temperature − AM temperature; λ 1 = age-dependent turnover rate in the first compartment of undigested OM; τ = time delay of dosed Yb to first appearance in the feces; CM1 = compartmental mass of undigested OM in the agedependent first compartment of the digestive system; CM2 = compartmental mass of undigested OM in the age-independent second compartment of the digestive system; RTG = gastrointestinal tract residence time; FOMO = fecal organic matter output; average forage OMD (organic matter digestibility) and CP were estimated from repeated fecal samples analyzed by near infrared spectroscopy.
grazing. Despite the greatly reduced amount of green herbage mass in late summer, experimental animals were able to select a diet exceeding 63% organic matter digestibility (Table 3) . Crude protein as determined by Kjeldahl techniques (AOAC, 1980) was less than expected (especially for early summer with 1,400 kg/ha of green forage mass) and probably reflects total harvest in random quadrant frames of some herbage with high lignin content. The diet selected by cows in the trial was 2.3 (late summer) and 4.5 (early summer) percentage points more digestible than the available diet (Table 3) . Table 4 presents least squares means for phenotypic characteristics for the early and late summer grazing trials. Lactating cows had less body condition than nonlactating cows in both the early and late summer grazing trials (P < .001). Across grazing trials, nonlactating cattle gained (P > .10) weight (18 ± 2 kg) whereas lactating cattle lost (P > .58) weight (−6 ± 2 kg). Weight losses were possibly masked by increased gastrointestinal tract size (Moe et al., 1971) , as suggested by the increase in total digestive system compartmental mass of undigested dry matter (CM2) detected from early to late summer (see below). Rectal Temperature Table 5 presents the least squares means for rectal temperatures during both grazing trials. Early morning temperatures should be most indicative of heat load and are presented along with late afternoon rectal temperatures. The overall early morning rectal temperature for all animals in this experiment over both grazing trials was 39.4°C, which was 1.1°C above average normal rectal temperature (Andersson, 1984) . There was a significant (P < .01) breed effect for early morning temperature and at first glance it would appear that A cattle were better adapted than the other two breeds. However, pooled breed data presented in Table 6 for heat accumulation of experimental cattle from morning to late afternoon show that A cattle accumulated more heat during the day than either of the other two breeds (P < .05). At the end of the day, rectal temperatures for A cattle did not differ (P > .26) from those of BA or TA (Table 5 ). The early morning rectal temperatures we observed in this experiment appeared to have been behaviorally mediated by A cattle. Grazing observations Within a row, means without a common superscript letter differ (P < .05).
Description of Animals
taken on experimental cattle in early summer 8 to 11 d after obtaining rectal temperatures show that A cattle spent more time in the shade (P < .01) and less time grazing (P < .05) in the daylight than did TA and BA (Table 7) . Bos taurus cattle have been shown to exhibit mild heat load when the temperature and humidity index (THI) exceeds 72 (Du Preez et al., 1990; Armstrong, 1994) and exhibit severe heat load when the THI is around 79 (Hahn and Mader, 1997) . In the early summer grazing trial, only 19% of the hourly time periods had a THI less than 72. There were 59% of the hourly time periods that had a THI between 72 and 79 and 22% of the hourly periods with a THI exceeding 79. Figure 1 presents the average hourly THI over the 4 d in which grazing behavior was observed.
All the breed groups sought shade at a different time (P < .001) during early summer (Table 7) . Shading time (Central Daylight Time) commenced around 0949 for TA, 1238 for BA (though lactating and nonlactating BA were different at P < .001), and 1100 for A. The pattern of shading time also differed over the course of the day Lactational state × grazing trial interaction (P < .05).
b,c
Within a row, means without a common superscript letter differ (P < .05).
for breeds. After A cattle started resting in the shade, they usually remained there until late afternoon. Conversely, TA cattle interrupted shading time by one or more lengthy grazing bouts from early to mid-afternoon. On the last day of the grazing observations, there were three lactating TA cattle that spent no time resting in the shade. The BA cattle spent the least (P < .001) amount of time in the shade (Table 7) but the majority of shading time was continuous or interrupted by just a few very short grazing periods during early afternoon. On the 1st d of the grazing observations, none of the nonlactating BA spent any time in the shade. The time at which TA and A ended shading time during the early summer grazing trial was similar (P > .60) but was later (P < .05) than that observed for BA (Table 7) . Sakurai and Dohi (1988) reported that when hair temperature in Japanese Black cattle in direct sunlight was above 40°C for 30 min, grazing stopped and cattle sought shade. The A cattle used in this study were progeny of A cattle that had been developed in southwestern Texas and BA and TA cattle used were also Within a row, means without a common superscript letter differ (P < .05).
progeny of the same cow herd; hence, there was no bias in the data from recently transplanted cattle. It has been shown consistently that Bos indicus cattle are more heat-tolerant (body temperature, evaporative cooling, grazing time, heat production) than Bos taurus cattle (Finch, 1984; Bennett et al., 1985; Webster, 1991) . Gaughan et al. (1999) reported that Bos taurus cattle with African breed origins (Hereford × Tuli and Hereford × Boran crosses) were similar to Hereford × Brahman crosses and superior to Hereford in respect to heat tolerance. Although the experiment reported by Gaughan et al. (1999) did not identify the mechanism responsible for heat adaptation for the tropically adapted Bos taurus cattle, they hypothesized that respiratory dynamics play a role.
Late summer grazing was characterized by cooler ambient temperatures and less humidity, lowering the THI (Figure 1) . Consequently, behavioral modifications by A cattle to lower rectal temperatures were less pronounced. In late summer, only nonlactating A had more shading (P < .001) and less daytime grazing (P < .05) than TA and A cattle (Table 8 ). As in early summer, all main effects (breed, lactational state, and breed × lactational state) for time when shading was initiated were significant (P < .05). In early summer, only breed was important (P < .001) as a main effect for termination of shading time. In late summer, only the main effect of breed × lactational state was significant (P < .01). Least squares means for initiation and ending of shading time for late summer are presented in Table 8 .
There was no difference (P > .18) between overall early morning rectal temperature from early to late summer, but a significant (P < .05) interaction for lactational state × grazing trial was present. During early summer, there was no difference (P > .33) in early morning rectal temperature between lactating (39.5 ± .1°C) and nonlactating (39.4 ± .1°C) cattle, but in late summer, nonlactating cattle had greater early morning rectal temperatures (P < .05) than did lactating cattle (39.5 ± .1 vs 39.1 ± .1°C).
It has been reported that heat production increases with lactation and may be related to increased size of the gastrointestinal tract and liver (Webster, 1991) . Forbes (1986) reported that the expansion of the digestive tract often lags behind lactation, and Hunter and Siebert (1986) reported that maximum forage intake for Brahman × Angus cows in drylot was attained in midlactation. Due to anticipated increased metabolic and fermentative heat accompanying larger gastrointestinal tracts, we expected heat load in a hot climate to be greater for midlactation cows than for nonlactating cows during the same time period. As mentioned, we failed to detect any significant differences (P > .33) in early morning rectal temperatures between lactating and nonlactating cattle during early summer, and there were no differences (P Table 7 . Grazing behavior least squares means for early summer grazing trial Within a row, means without a common superscript letter differ (P < .05). Within a row, means without a common superscript letter differ (P < .05).
> .12) in shading time (310 ± 8 and 292 ± 8 min/d for lactating and nonlactating cattle, respectively).
All cattle increased in CM2 from early to late summer (Tables 9 and 10); the increase was 47% for lactating and 32% for nonlactating cows. Therefore, the observed difference in early morning rectal temperature was apparently not due to increased gastrointestinal digesta load for nonlactating as opposed to lactating cattle. The decreased rectal temperature for lactating cattle could have been due to decreased milk production (Webster, 1991) and additional fat loss (Byers and Carstens, 1991) λ 1 = age-dependent turnover rate in the first compartment of undigested organic matter; τ = time delay of dosed Yb to first appearance in the feces; CM1 = compartmental mass of undigested organic matter in the age-dependent first compartment of the digestive system; CM2 = compartmental mass of undigested organic matter in the age-independent second compartment of the digestive system; RTG = gastrointestinal tract residence time, 2/λ 1 + 1/k 2 + τ. Lactational state × grazing trial interaction (P < .05).
c Breed × grazing trial interaction (P < .05).
d,e,f,g Within a row, means without a common superscript letter differ (P < .05).
from early summer. The decreased rectal temperature for lactating cattle is reflected by greater (P < .001) daytime grazing compared with nonlactating cattle (547 ± 7 vs 504 ± 8 min/d). In early summer there were no differences (P > .36) in daytime grazing by lactational state (445 ± 7 for lactating and 435 ± 8 min/d for nonlactating).
Grazing Behavior
Statistical models for all the observed grazing behavior variables except bite rate had high R 2 values in = age-dependent turnover rate in the first compartment of undigested organic matter; τ = time delay of dosed Yb to first appearance in the feces; CM1 = compartmental mass of undigested organic matter in the age-dependent first compartment of the digestive system; CM2 = compartmental mass of undigested organic matter in the age-independent second compartment of the digestive system; RTG = gastrointestinal tract residence time, 2/λ 1 + 1/k 2 + τ. Lactational state × grazing trial interaction (P < .05).
d,e,f,g,h Within a row, means without a common superscript letter differ (P < .05).
excess of .84. The P-values for main effects and interactions included in statistical models are shown in Table  2 . When interactions for observed grazing behavior are not considered, it appears that BA and TA were similar in time spent resting in the sun (112 ± 5 vs 106 ± 6 min/d; P > .48), whereas A spent less (P < .001) time in the sun (62 ± 6 min/d). In respect to time spent in the shade, A spent more (P < .001) time (283 ± 7 min/d) than did TA (196 ± 7 min/d) and BA (154 ± 6 min/d; TA > BA, P < .001) An opposite relationship held true for daytime grazing: BA spent more (P < .01) time grazing (518 ± 7 min/d) than TA (480 ± 7 min/d) and A (450 ± 7 min/d; TA > A, P < .01)
There was a significant breed × lactational state × grazing trial (P < .001) interaction detected for both shading time and time spent resting in the sun. During early summer, the nonlactating BA had greater resting time in the sun and less time in the shade than all the other cattle in the study (P < .001; Table 7 ). Hence, it appears that the greater fat stores of the nonlactating BA cattle in this study (Table 4) did not seem to have a deleterious effect. Nonlactating A cattle spent the greatest (P < .001) amount of time in the shade of any cattle in late summer (Table 8) . Nonlactating TA cattle spent more time in the sun and less time in the shade (P < .001) than did any other cattle in late summer (Table 8) . Lactating TA spent more (P < .05) time in the sun in late summer than did any other cattle except nonlactating TA. Therefore, it appears that during late summer, TA were equal to or surpassed BA in heat adaptation.
Since THI for late summer grazing decreased ( Figure  1 ), daytime grazing for cattle was greater (P < .001) than in early summer (526 ± 5 vs 440 ± 5 min/d). Similarly, time spent resting in the sun was greater (P < .05; 101 ± 5 vs 87 ± 4 min/d) and time spent in the shade less (P < .001; 301 ± 5 vs 120 ± 6 min/d) in late summer.
A lactational state × grazing trial interaction for daytime grazing was present (P < .05) and mirrored the same interaction noted for early morning rectal temperature. As was noted previously, lactating cattle in late summer grazed more during the day than did nonlactating cattle (P < .05).
Total grazing times and nighttime grazing in late summer did not differ by breed (P > .45) and the breed × lactational state interaction was not significant (P > .98; Table 2 ). Total grazing time was greater for lactating cattle (P < .01; 757 ± 112 vs 695 ± 12 min/d), as was nighttime grazing (P < .05; 232 ± 11 vs 195 ± 11 min/ d), indicative of greater OMI (P < .001; 40.0 ± .7 vs 31.1 ± .7 g/kg BW) for lactating cattle.
There were no differences by lactational state (P > .93) for bite rate, and the breed × lactational state × grazing trial interaction was not significant (P > .77). However, cattle did differ by breed for bite rate (P < .01). As shown in Table 7 , lactating A in early summer tended to have lower bite rates than did lactating BA (P = .06) and TA (P = .053). Among nonlactating cattle in early summer, A had lower bite rates than did TA (P < .05), and A and BA and BA and TA were similar (P > .12).
Bite rate was approximately 20 to 30% lower (P < .001) in late vs early summer (Tables 7 and 8) , and bite rate still differed (P < .01) among breeds in late summer. In late summer among lactating cows, TA had greater bite rates than did BA (P < .05) and tended to have greater bite rates than did A (P = .07): A and BA were similar (P > .95; Table 8 ). For nonlactating cows, TA tended to have greater bite rates than did A (P = .09). There were no differences between nonlactating BA and A (P > .43) or between nonlactating TA and BA (P > .27). In early summer (Table 7) , lactating BA cattle tended to have greater bite rates than A (P = .06), but in late summer (Table 8) there was no difference (P > .95) between lactating A and BA cattle.
The breed × lactational state interaction for harvest rate during late summer grazing was not significant (P > .50), but main effects of breed and lactational state were both significant (P < .001). When the data were not separated by lactational state, Angus cattle had greater harvest rate (.056 ± .002 g OMIؒkg body weight ; P < .05), and TA had greater harvest rate than did BA cattle (P < .05). Animals with the greatest (P < .05) OMI (lactating A; Table 8 ) were most aggressive in obtaining forage as shown by greater (P < .05) harvest rate, and animals with the least (P < .01) OMI (nonlactating BA; Table 8 ) had the least harvest rate (P < .05). Frisch and Vercoe (1984) reported greater appetite for cattle with breed origins in cool climates (Hereford × Shorthorn) as opposed to cattle with breed origins in tropical climates (Brahman). Harvest rate is a function of animal weight, grazing time, and OMI and is probably a more accurate assessment of grazing behavioral modifications than is grazing time (Krysl and Hess, 1993) . Animals can expend more time grazing with a lower harvest rate and forage intake than animals with shorter grazing times (Krysl and Hess, 1993) . We did not observe this phenomenon in this experiment with adequate forage availability. Instead, harvest rate mirrored OMI and supports the concept that harvest rate is in part driven by physiological needs (Krysl and Hess, 1993) . Harvest rate by lactating cattle (.054 ± .002 g OMIؒkg cow weight ). Organic matter intake, and ultimately harvest rate, are influenced by bite rate, bite size, and grazing time. Bite rates for the late summer grazing trial (Table 8) did not appear to follow the trend of harvest rate, so it must be concluded either that cattle responded with different bite rates when unobserved or that bite sizes were different.
Digesta Dynamics
Although green herbage mass and crude protein concentration were less in late vs early summer (Table 3) , the breed × lactational state × grazing trial interaction was not significant (P > .20) for any digesta flow measure (Tables 9 and 10 ). Lactational state was significant (P < .05) for several digesta flow measures (Table 2 ). Lactating cattle have been shown to exhibit hypertrophy of the ruminoreticulum, liver, and intestine (Forbes, 1986) along with an increase in fill (CM2). This allows for an increase in intake to meet the additional energy demands of lactation. In this study, lactating animals had greater CM2 (P < .001) than did nonlactating animals (17.6 ± .4 vs 13.6 ± .4 g OM/kg BW). Similarly, CM1 mass (inferred to be the lag-rumination pool; Ellis et al., 1994) was greater (P < .05) for lactating cattle (4.3 ± .4 vs 3.2 ± .4 g OM/kg BW).
It has been reported (Merchen, 1988 ) that increased intake resulting from greater gastrointestinal tract mass also results in greater passage rates. However, in this experiment, there were no differences in passage rate (P > .95) by lactational state. This is probably related to greater fermentative heat load generated by greater CM1 and greater total metabolic heat load associated with larger CM2. Webster (1991) suggested that more heat load is generated by a larger gastrointestinal tract, and Collier and Beede (1985) reported decreased digesta rates of passage with heat-stressed animals. Yousef et al. (1968) reported that thyroid activity decreases with increased heat load, and some researchers (Collier and Beede, 1985; Webster, 1991) have suggested a link between reduced thyroid activity and lower rates of digesta passage and gut motility.
Other indicators of residence time were somewhat contradictory for the different lactational states. There were no differences (P > .25) in total marker residence time in the gastrointestinal tract (RTG), but nonlactating cattle had a greater (P < .05) time delay (τ) than did lactating cattle (15.3 ± .6 vs 13.5 ± .5 h). No differences (P > .88) were detected for the age-dependent escape rate (λ 1 ) from the rumination compartment (CM1).
For lactating and nonlactating cattle, CM2, passage rate time, and RTG were greater (P < .001) in late vs early summer (Tables 9 and 10 ). The increase in CM2 was 56% for lactating A, 47% for nonlactating A, 44% for lactating BA, 22% for nonlactating BA, 41% for lactating TA, and 27% for nonlactating TA. This increase was probably due to a diet that was of lesser quality (Table 3 ) and slower passage rate (Tables 9 and 10) , causing greater fill. It may have also been influenced by the mobilization of abdominal fat (especially with lactating animals), which allowed for greater distension of the digestive tract and hence greater forage intake (Tulloh, 1966) .
Bos indicus breeds have been reported to have smaller digestive tracts (Schneider and Flatt, 1975 ) and faster passage rates of digesta (Preston and Leng, 1987) than Bos taurus breeds. With the data pooled by breed and lactational state over both grazing trials, BA had less (P < .01; 13.7 ± .5 g OM/kg BW) CM2 than did A (17.3 ± .5 g OM/kg BW) and TA (15.9 ± .5 g OM/kg BW). Angus cattle also had a tendency to have greater (P = .07) CM2 than did TA. Our data substantiates the data of Schneider and Flatt (1975) and concur with Webster (1991) in suggesting a relationship of increased heat load with larger gastrointestinal tracts. The digestive tract has a high metabolic rate, accounting for an estimated 15% contribution to total fasting heat production (Ferrell,1988) . The larger heat accumulation we noted for A cattle (Table 6) was probably influenced by their tendency to have larger CM2. Ferrell and Jenkins (1998) reported that heat production values for crossbred Brahman, Hereford, Tuli, and Angus steers tended to reflect intake. They further reported that Angus cross steers had the greatest intakes and the greatest heat production. Sprinkle et al. (1998) reported that gastrointestinal tract weights for crossbred British (Angus and Hereford crosses) steers, with both ad libitum consumption and limit-feeding, were greater than those observed for Tuli and Brahman crossbred steers. However, gastrointestinal tract weights for Tuli and British cross steers with ad libitum consumption were similar when expressed as a percentage of body weight.
Contrary to reported literature, we did not detect differences for passage rate (k 2 ) among breeds (P > .25). As mentioned previously, the heat load cattle experienced in early summer may have caused a reduction in passage rate at a time when forage quality (Table  3 ) was sufficient to allow breed differences to be expressed. In late summer, forage quality had declined to the point at which it was probably not possible for breed passage rate differences to be expressed.
Accompanying the increased compartmental mass described above for lactating animals was an increase in FOMO, EI, and OMI (P < .001). When pooled over both grazing trials, energy intake for lactating cattle was 408 ± 7 vs 333 ± 8 kcal of ME intakeؒkg −.75 ؒd −1 for nonlactating cattle. Hunter and Siebert (1986) reported a 35% increase in roughage intake due to lactation, which was greater than the 29% increase we observed for OMI. Hunter and Siebert (1986) did not report ambient temperatures in their study, so it is not known whether the lower percentage increase for OMI we observed for lactating cows was due to increased heat load. Breed differences (P < .01) were detected for pooled EI, OMI, and FOMO, but it is more instructive to evaluate breed differences for these variables by grazing period. The interaction of breed × grazing trial was significant (P < .05) for these indicators of forage intake. There were no differences by breed in early summer for FOMO or OMI (P > .15; Table 9 ), but lactating TA tended to have greater FOMO (P = .08) and OMI (P = .09) than did lactating BA. There were no differences by breed for EI (P > .80).
During late summer, lactating A had greater FOMO, OMI, and EI than did BA and TA (P < .05), and lactating BA and TA were similar (P > .21; Table 10 ). Nonlactating BA had less FOMO, OMI, and EI than did any of the other cattle (P < .05), whereas nonlactating A and TA were similar (P > .33). In comparing breed × lactational state × grazing trial least squares means for FOMO, OMI, and EI (Table 10 ), the mean for lactating A was greater than for all other groups (P < .05) and the mean for nonlactating BA was less than for all other groups (P < .05). Hence, most of the breed differences observed for FOMO, OMI, and EI were due to lactating A with the largest CM2 and nonlactating BA with the smallest CM2.
From the data presented above and in Tables 9 and  10 for CM2, it appears that gastrointestinal tract size is not a major means of heat adaptation for Tuli cattle. The Tuli cross cattle in this experiment did not differ in either early morning rectal temperature (P > .13) or rectal heat accumulation (P > .50) compared with Brahman crosses (Tables 5 and 6 ). When late summer grazing behavior and patterns of daytime grazing in early summer are considered, it appears that TA cattle can tolerate some buildup of heat. In addition to the possibility of improved respiratory dynamics by Tuli crosses hypothesized by Gaughan et al. (1999) , another adaptive response may be the location of fat stores. Byers and Carstens (1991) have implicated increased heat load with greater subcutaneous fat. Sprinkle et al. (1998) , Havstad and Doornbos, 1987) . There is an additional energy requirement to dissipate heat when core temperatures are increased. Energy dissipated via evaporative cooling is 600 cal/g of water (Andersson, 1984) . Evaporative cooling due to upper respiratory water loss (panting) is reported to be energy-efficient (Hales and Brown, 1974) yet only accounts for approximately 25 to 33% of evaporative cooling with maximum ambient temperatures (Andersson, 1984) . Finch (1984) reported that water losses for a Boran steer at 30°C were 407 and 76 g/(m 2 / h) for sweating and panting, respectively. Finch et al. (1982) reported that when rectal temperatures approached those experienced in this study (40.3°C), sweating exceeded 500 g/(m 2 /h). Andersson (1984) Tables 9 and 10 , the animal unit per day value of 11.8 kg of forage for a 454-kg lactating cow and her calf (26 g/[kg BW/d]) commonly used in ranch management could underestimate forage intake of the cow-calf unit by as much as 50% in hot climates. Although NRC (1981) reported feed intake to decline appreciably for feedlot cattle when temperatures exceeded 27°C, Byers and Carstens (1991) reported that maintenance requirements of mature, nonlactating, and nonpregnant feedlot Simmental and Angus cows at McGregor, TX increased 239 and 48%, Within a row, means without a common superscript letter differ (P < .05).
respectively, from spring to summer. Based on our observations and those reported by Byers and Carstens (1991) , the traditional animal unit per day forage consumption of 11.8 kg/454-kg lactating cow should be adjusted upward during times of heat stress. This would appear to be especially true when forage availability and shade are not limiting factors.
Comparisons Across Grazing Periods
Lactating Animals. Table 11 presents least squares means of selected variables across periods for lactating cows. Average early morning rectal temperature was significantly greater (P < .05) in early summer, a reflection of increased ambient temperature. An environmental influence on the cow due to increased ambient temperatures and early morning rectal temperatures is reflected by increased early summer shading time (P < .001).
Diet quality of forage selected was greater for early summer grazing (P < .001; Table 11 ) and had a positive effect on early summer passage rate (P < .001). Reductions in CM2 or fill (P < .001) and total gastrointestinal tract residence time (P < .001) occurred during early summer compared with the late summer grazing trial. Fecal organic matter output was greater (P < .001) dur- Within a row, means without a common superscript letter differ (P < .05).
ing late summer in spite of decreased passage rate. This effect was probably due to increased CM2 (P < .001) from early to late summer. As mentioned previously, this could have been due to increased abdominal space from the mobilization of internal fat (Tulloh, 1966) or diet characteristics, or both. The bite rate decreased from early summer (P < .001) and may have been due to a more succulent, easily harvested forage base in early summer.
Nonlactating Cows. Similar relationships across trials are apparent for nonlactating cows (Table 12 ) from early to late summer, except for FOMO and early morning rectal temperatures, which did not differ (P > .30) from early to late summer. Presumably, lactating cattle were able to reduce early morning rectal temperatures during late summer because of reduced milk production and body condition. Because lactating cattle had lower body condition scores (3.8 ± .2 vs 6.0 ± .2) than nonlactating cattle (P < .001) in late summer, lactating cattle should have more effectively mediated elevated ambient temperatures (Byers and Carstens, 1991) than nonlactating cattle. The increase in CM2 from early to late summer for nonlactating cattle (P < .001) was insufficient to result in statistically significant FOMO differences. 
Relationship of Nighttime Grazing to Late Afternoon Rectal Temperature
The relationship of nighttime grazing to late afternoon rectal temperature was tested and found to be nonsignificant (P > .10). Late afternoon rectal temperature was also tested as a covariate for nighttime grazing and found to be nonsignificant (P > .10), but a breed × late afternoon rectal temperature interaction was detected in late summer (P < .01) and is presented in Figure 2 . The range of data for A cattle is relatively narrow, but some relationships may be established for BA and TA cattle. As has been shown above, TA cattle in the late summer grazing trial did not appear to be affected by heat to the same extent as did the other breeds. In Figure 2 , it can be seen that increases in late afternoon rectal temperature did not increase nighttime grazing for TA cattle (slope = −45 min/1°C rectal temperature). The negative slope for TA cattle is probably a reflection of elevated rectal temperatures due to more time spent in the sun. This relationship, along with the other grazing behavior data presented, suggests that Tuli crossbreds may respond favorably in terms of heat adaptation compared with traditional Bos indicus crossbreds. Brahman × Angus cattle depicted in Figure 2 appeared to respond in an opposite fashion to the TA cattle. For every 1°C degree increase in late afternoon rectal temperature, BA cattle increased nighttime grazing by 100 min/d.
Relationship of Bite Rate to Body Condition
The influence of body condition on bite rate was evaluated during both early and late summer. The relationship was not significant in late summer for either nonlacating (P > .38) or lactating cows (P > .22). Likewise, the relationship of bite rate to body condition was not significant (P > .30) for nonlactating cattle in early summer. However, bite rate during early summer for lactating cattle was strongly related (P < .03) to body condition, and each one-unit increase in body condition reduced bite rate by 2.61 bites (Figure 3) . The regression coefficient for body condition as a covariate in the model Ŷ = breed + body condition had a slope similar (−2.58 bites/body condition score) to that observed in the simple linear regression model above. Presumably, thinner cattle would have a stronger drive than their fatter counterparts to replenish fat stores lost during early lactation. Body condition appeared to be a more important indicator of behavioral responses to energy status than did cow weight (P = .74). Using the equation OMI/d = (bites/grazing min) × (grazing min/d) × (g OMI/ bite), developed by Arnold and Dudzinski (1978) , the effects of increased bite rate on OMI can be calculated. The increased bite rate observed for thinner cows (Figure 3) would account for approximately 20% greater forage intake for cows having a body condition score of 3 vs 6 (average total grazing time of 600 min/d; average of .60 g OMI/bite; bite rate of 47 bites/min for body condition score of 3; bite rate of 39 bites/min for body condition score of 6). Because bite size is largely determined by plant height and(or) availability, cattle of similar size have two major choices for increasing forage intake: 1) increase bite rate or 2) increase grazing time. If cattle are experiencing heat stress, they are not likely to increase grazing time. Rather, they would be more likely to increase bite rate during the time periods they graze. Nighttime grazing would be more likely to replace rather than add to daytime grazing and increasing bite rate would be a more energetically efficient option to pursue.
Although fat is inexpensive to maintain (DiCostanzo et al., 1990; Baker et al., 1991) , on a mass basis it is expensive to deposit because it is energy-dense and mostly anhydrous. To deposit 1 g of fat requires 9.4 kcal NE g /g fat + 3.25 kcal NE g heat of deposition (NRC, 1984; Reeds, 1991) , or a total of 12.65 kcal of NE g /g of fat. For a cow going from a body condition score of 4 to 5 (1 to 9 scale; 9 = fattest; Richards et al., 1986) , the percentage of fat gain would be approximately 20% (Fox et al., 1988) , for a total cost of 4.66 kcal NE g /g of live weight gain (Lemenager et al., 1991) . For cows being maintained on forage with 60% digestibility (.74 Mcal NE g /kg forage; NRC, 1984), gaining 300 g at the composition described above would require the cow to eat an additional 1.9 kg of additional dry organic matter per day. With the conditions in our experiment during early summer (.60 g OMI/bite, 67% OMD of selected diet or .95 Mcal NE g /kg forage, approximately 600 min/d of grazing time), cattle replenishing .06 kg of pure fat would need to increase bite rate by 2.22 bites/min.
None of the lactating cattle had a body condition score greater than 4.5 and so had probably not attained an "ideal" body condition score. Other researchers have reported that maintenance requirements per unit of size, forage intake, or fecal output decline with increased body condition (Klosterman et al., 1968; Russel and Wright, 1983; Adams et al., 1987; Barlow et al., 1988) . Fox et al. (1988) developed a nutrient requirement model in which intake with growing animals declines at 23.8% empty body fat, which is slightly more than a 5.0 body condition score. However, our knowledge of this proposed mechanism is incomplete, particularly for lactating grazing animals. We suggest that a quadratic effect probably exists for the effect of body condition on EI, and that as an animal obtains an equilibrium body condition score, EI declines (Fox et al., 1988) .
Implications
Grazing behavior of cattle appears to be affected by the size of the gastrointestinal tract, by daytime heat accumulation, and by the need to replenish fat stores. Angus cattle with larger gastrointestinal tract sizes had the greatest appetite and accumulated the most heat during the day. However, they lowered early morning and maintained late afternoon rectal temperatures comparable to those of Brahman × Angus and Tuli × Angus cattle by altering daytime grazing behavior. The size of the gastrointestinal tract was smallest for Brahman × Angus cattle and probably influenced grazing behavior. The size of the gastrointestinal tract did not appear to be a major means of adaptation for Tuli × Angus cattle, which were comparable to Brahman × Angus cattle with respect to heat accumulation and some aspects of grazing behavior. In a hot environment with adequate forage availability and shade, energy intake appears to be elevated. Therefore, forage allocation may need to be increased during times of heat stress.
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